Mispyric acid is a novel natural triterpene dicarboxylic acid which has inhibitory activity against DNA polymerase (pol ) isolated from the plant, Mischocarpus pyriformis. In this report, we examine the selectivity of the inhibitory activity against mammalian pols and the mode of inhibition in vitro. Natural mispyric acid (compound 1) inhibited the activities of all the mammalian pols tested (pol , , , and ") with an IC 50 value in the range of 3.6-44.5 M. The inhibition was strongest for pol among these five pols. The enantiomer of mispyric acid (compound 2, ent-mispyric acid) had similar effects to those of the natural compound. However, derivatives of compounds 1 and 2 with hydroxyl groups instead of carboxyl groups (i.e., compounds 3 and 4, respectively) exhibited no inhibitory effect on mammalian pols. The moiety of two carboxylic acids in mispyric acid was important for the inhibition of pols, and the stereoisomers of mispyric acid had no inhibitory effect.
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In 1999, Hecht and his co-workers isolated mispyric acid (compound 1), a structurally unique triterpene dicarboxylic acid with a novel skeleton, from the stem bark of the Australian plant, Mischocarpus pyriformis, as an inhibitor of rat DNA polymerase (pol ).
1) This structurally unique monocyclic triterpene is assumed to have been produced via a new biogenetic pathway involving the direct coupling of two farnesyl units. 1) However, the compound was not investigated for its inhibitory activity against the other mammalian pols , , and ", 1) so, it was not clear whether mispyric acid was a specific inhibitor of pol . We synthesized both enantiomers of mispyric acid and derivatives of the two starting with isoprene, geraniol and 1,5-dimethoxy-1.4-cyclohexadiene. 2, 3) We then investigated the inhibitory effects on major mammalian pols (i.e., pol to ") of these compounds. We discuss the relationship between the structure of mispyric acid and the inhibition of mammalian pols.
Materials and Methods
Materials. Both natural mispyric acid (compound 1) and unnatural (the enantiomer) mispyric acid (entmispyric acid, compound 2), as well as derivatives of the two which have hydroxyl groups instead of carboxyl groups (i.e., compounds 3 and 4, respectively) were synthesized chemically as described previously. 2, 3) The chemical structures of compounds 1-4 are shown in Fig. 1. [ 3 H]-dTTP (2 0 -deoxythymidine 5 0 -triphosphate; 43 Ci/mmol) and chemically synthesized template primers such as poly(dA), poly(rA) and oligo(dT) 12{18 were purchased from Amersham Biosciences (Buckinghamshire, UK). All other reagents were of analytical grade and purchased from Nacalai Tesque Inc. (Kyoto, Japan).
Enzymes. Pol was purified from calf thymus by immuno-affinity column chromatography as described by Tamai et al. 4) Recombinant rat pol was purified from E. coli JMp5 as described by Date et al.
5) The human pol catalytic gene was cloned into pFastBac. The histidine-tagged enzyme was expressed by using the y To whom correspondence should be addressed. BAC-TO-BAC HT baculovirus expression system according to the directions provided (Life Technologies, MD, U.S.A.) and purified by using ProBoundresin (Invitrogen Japan, Tokyo, Japan) [Mizushina et al., manuscript in preparation]. Human pol and " were purified by the nuclear fractionation of human peripheral blood cancer cells (Molt-4), using the second subunit of pol and "-conjugated affinity column chromatography, respectively.
6)
DNA polymerase assays. The activities of all pols were measured as described previously. 7, 8) Poly(dA)/ oligo(dT) 12{18 and dTTP were used as the DNA template primer and nucleotide substrate, respectively. Compounds 1-4 were dissolved in dimethyl sulfoxide (DMSO) at various concentrations and sonicated for 30 sec. Four microliters of the sonicated sample was mixed with 16 ml of each enzyme (0.05 units final amount) in 50 mM Tris-HCl (pH 7.5) containing 1 mM dithiothreitol, 50% glycerol and 0.1 mM EDTA, and the mixture kept at 0 C for 10 min. These inhibitor-enzyme mixtures (8 ml each) were added to 16 ml of each of the enzyme standard reaction mixtures, and incubation was carried out at 37 C for 60 min. The activity without the inhibitor is considered to be 100%, and the remaining activity at each concentration of the inhibitor was determined relative to this value. One unit of pol activity is defined as the amount of enzyme that catalyzed the incorporation of 1 nmol of deoxyribonucleotide triphosphates (i.e., dTTP) into the synthetic template primers (i.e., poly(dA)/oligo(dT) 12{18 , A/T = 2/1) in 60 min at 37 C under normal reaction conditions for each enzyme. 7, 8) Computational analysis. A model was constructed and simple-minimized. Each compound was simulated with force field parameters based on the consistent valence force field (CVFF). Group-based cutoffs, 0.95 nm for van der Waals and 0.95 nm for Coulomb interaction, were introduced. The temperature was set at 298 K. Calculations based on simulations were carried out by using INSIGHT II (Accelrys Inc., San Diego, CA, U.S.A.). The electrostatic potential on the surface of compounds 1-4 was analyzed with WebLab ViewerLite software (version 3.2, Accelrys Inc., San Diego, CA, U.S.A.).
Results and Discussion
Effects of mispyric acid and its derivatives on the activities of mammalian DNA polymerase and
We tested the effects of natural and unnatural mispyric acids and their derivatives (compounds 1 to 4, Fig. 1 ) on calf pol and rat pol . The relative activity of each pol at a set concentration (50 mM) of the compound is shown in Fig. 2 . Compounds 1 and 2 inhibited the activities of both pols, the effect on pol being the stronger. On the other hand, compounds 3 and 4, which had hydroxyl groups instead of carboxyl groups, did not influence the pol or activity. This result suggested that the carboxyl groups of mispyric acid were important for the inhibition of pols. Effects of natural and unnatural mispyric acids on the activities of mammalian DNA polymerases Figure 3 shows the dose-response curves for the inhibition by compounds 1 and 2 of mammalian pol to ". Compound 2 is the unnatural enantiomer of compound 1, and its inhibitory effects were similar in extent to those of compound 1. Both compounds inhibited the activities of all mammalian pols tested, and were especially effective against pol and . Pol is a replicative polymerase for nuclear DNA, and pol is a replicative and/or repair-related polymerase for mitochondrial DNA. 9, 10) The inhibitory effect was strongest against pol among the five mammalian pols tested, with 50% inhibition by compounds 1 and 2 at 3.6 and 4.5 mM, respectively. A kinetic analysis (i.e., Lineweaver-Burk plot) of the inhibition of pol revealed that compounds 1 and 2 were non-competitive inhibitors with respect to both the DNA template primer (i.e., poly(dA)/oligo(dT) 12{18 ) and nucleotide substrate (i.e., dTTP) (data not shown). These results suggest that mispyric acid did not directly bind to either the DNA template primer-binding site or to the nucleotide substrate-binding site of pol . On the other hand, the activities of higher plant (cauliflower) pol I (-like) and II (-like), and of prokaryotic pols such as the Klenow fragment of E. coli pol I, T4 pol and Taq DNA pol were not influenced by either compound 1 or 2 (data not shown). These observations indicate that mispyric acid should be classified as an inhibitor of not only pol , but also of mammalian pols.
Effects of reaction conditions on the inhibition of DNA polymerase , and by mispyric acid
To determine the effects of a non-ionic detergent on the binding of compounds 1 and 2 to pol , and , Nonidet P-40 (NP-40) was added to the reaction mixture at a concentration of 0.05%. In the absence of any compound, the DNA polymerase activity was taken as 100%. The inhibitory effects of compounds 1 and 2 were significantly reversed by the addition of 0.05% NP-40 to the reaction mixture (Table 1) . This reversal by NP-40 was concentration-dependent, indicating that compounds 1 and 2 could bind to and interact with the hydrophobic region of the pol protein (data not shown). We also tested whether an excess amount of a substrate analog, poly(rC) (50 mM), or a protein, bovine serum albumin (BSA, 200 mg/ml), could prevent the inhibitory effects of compounds 1 and 2. If each compounds bound to pol by non-specific adhesion, the addition of the DNA Fig. 3 . Dose-Response Curves for the Inhibition of Mammalian DNA Polymerases by Natural Mispyric Acid and Its Enantiomer. A, Natural mispyric acid (compound 1). B, Unnatural (the enantiomer) mispyric acid (compound 2). The enzymes used (0.05 units each) were calf pol ( ), rat pol ( ), human pol ( ), human pol ( ) and human pol " ( ). Each pol was pre-incubated with the indicated concentrations (0-50 mM) of a compound, and the enzymatic activity was then assayed as described in the Materials and Methods section. Pol activity in the absence of a compound was taken as 100%. and/or protein would have reduced the inhibitory activity. Poly(rC) and BSA showed no influence and/ or no binding to the compound, suggesting that the binding to mammalian pols occurred selectively or via a specific site on the pols (Table 1) .
Three-dimensional structure of mispyric acid and its derivatives
To obtain information about the molecular basis for the difference in inhibition between mispyric acid and its derivatives, computational analyses were performed by using molecular simulation and surface analysis software. The three-dimensional molecular structures of compounds 1 to 4 are shown in Fig. 4A to D, respectively. The electrostatic potential at each point on a constant electronic density surface (approximating to the van der Waals surface for each arrangement) is represented graphically in red corresponding to the regions where the electrostatic potential was most negative and in blue corresponding to the most positive regions.
Unnatural compounds 2 and 4 were respective enantiomers of natural compounds 1 and 3, and the relationship between natural and unnatural of the threedimensional structures was right/left of symmetry. Therefore, in respect of the cubic structure and electrostatic potential, compounds 1 and 3 were respectively very similar to compounds 2 and 4. It is possible that the mammalian pols could not recognize the stereoisomer of mispyric acid.
The mispyric acids inhibited mammalian pols, but their derivatives did not (Fig. 2) . The structural difference between the mispyric acids and derivatives is in the two carboxyl groups at positions 1 and 29, compounds 3 and 4 having two hydroxyl groups instead of carboxyl groups. As shown in Figs. 4A and C (or Figs. 4B and D), the electrostatic charges of these compounds were different. There were no positively charged atoms at the surface of mispyric acid, and the O atom consisting of a carboxyl group was more negatively charged than the O atom consisting of a hydroxyl group. These results suggest that the electrostatic charge of two carboxyl groups might be important for the inhibition of mammalian pol activities and enhanced the inhibitory effects.
As described previously, sulfo-glycolipids, which inhibited the activity of mammalian pols equally, 11, 12) were as effective as anti-cancer agents in vivo. 13, 14) Mispyric acid could, therefore, be considered a possible candidate for an anti-cancer agent. Takemura of Mie University (Mie, Japan), Dr. Akio
